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Elastic and inelastic cross sections of the p + 6He, p + 8He, and α + 8He reactions were investi-
gated using the Melbourne g-matrix folding approach with the theoretical densities of 6He and 8He
obtained by a microscopic structure model of antisymmetrized molecular dynamics (AMD). Micro-
scopic coupled-channel (MCC) calculations of the p+ 6He and p+ 8He reactions were performed to
investigate transition properties of the 6He(2+1 ) and
8He(2+1 ) states. The MCC+AMD calculations
reproduced elastic cross sections of the p+6He reaction at E = 40.9 MeV/A and of the p+8He reac-
tion at E = 32.5 and 72 MeV/A, which have both been measured by inverse kinematics experiments.
For p + 6He inelastic scattering to the 2+1 state, the calculated result was in reasonable agreement
with the (p, p′) data at E = 24.5 and 40.9 MeV/A and supported the AMD prediction of the neu-
tron transition matrix element Mn = 7.9 fm
2. For the p+ 8He inelastic scattering to 8He(2+1 ), the
MCC+AMD calculation overshot the (p, p′) cross sections at E = 72 MeV/A by a factor of three.
According to a phenomenological model analysis, Mn values in the range of 4–6 fm
2 were favored
to reproduce the 8He(2+1 ) cross sections of the p+
8He reaction at E = 72 MeV/A. For the α+ 8He
reaction, the MCC+AMD calculation reproduced the elastic cross sections at E = 26 MeV/A. The-
oretical predictions of the (p, p′) and (α, α′) cross sections to the 8He(0+2 ),
8He(1−1 ),
8He(2+3 ) and
8He(3−1 ) states are also given.
I. INTRODUCTION
Elastic and inelastic (p) cross sections have been ex-
tensively measured for various stable nuclei to investi-
gate the density of the ground states and the transition
profiles of nuclear excitations. Because of their higher
sensitivity of the p scattering to the neutron part, the
(p, p′) data for Z 6= N stable nuclei have often been used
to determine the neutron transition matrix elements Mn.
as the counterparts to electric probes for the proton tran-
sition matrix elements Mp. Additionally, the (α, α
′) re-
action is an alternative tool that can be used to observe
the isoscalar component of low-lying nuclear excitations
as well as isoscalar giant resonances (e.g., see Refs. [1–4]
and the refs. therein). Because of the existence of high-
quality beams, precise data on the p and α scattering are
available for various stable nuclei in wide ranges of inci-
dent energies. To investigate the isoscalar and isovector
components of 2+ excitations, the neutron-proton ratio
Mn/Mp of E2 transitions has been previously evaluated
using a combination of γ-decay and the inelastic scatter-
ing data on different probes including e, p, α, and pi+/pi−,
for a wide range of mass numbers [5–9]. Over the years,
α inelastic scattering experiments have also been used as
a probe to cluster states in Z = N nuclei, such as those
of 12C and 16O [10–13].
For unstable nuclei, pion and electron scattering ex-
periments are not practical. Instead, the p scattering off
unstable nuclei has generally been investigated by exper-
iments using inverse kinematics. The amount of p elastic
and inelastic scattering data, which provides useful in-
formation on the structure of unstable nuclei, is rapidly
increasing. Further, α scattering experiments for unsta-
ble nuclei have also been achieved using inverse kinemat-
ics [14–16].
On the theoretical side, describing the existing (p, p′)
and (α, α′) data with reaction calculations is an ur-
gent issue for the study of excited states of target nu-
clei. For analyses of inelastic scattering, phenomenolog-
ical reaction models, such as distorted wave Born ap-
proximation (DWBA), are often performed by adjust-
ing nucleon−nucleus and nucleus−nucleus potentials to
elastic scattering data. Such phenomenological tuning,
which usually depends on the incident energy and the
target nuclei, requires a significant amount of elastic scat-
tering data. However, for unstable nuclei, data are avail-
able only for limited energy and angle ranges and are not
as high-quality as data on stable nuclei. Given this limit,
the development of a microscopic reaction model, that
does not rely on system- and energy-dependent tuning is
necessary.
For experimental and theoretical studies of p scatter-
ing off unstable nuclei, microscopic reaction approaches
using the g-matrix folding model have been developed.
These approaches are suitable for our purpose because
the energy dependence and medium effects are taken into
account in the effective g-matrix nucleon-nucleon (NN)
interaction, which is derived from a realistic NN force
based on the Brueckner theory. For studies on the p in-
elastic scattering, the Jeukenne-Lejeune-Mahaux (JLM)
interaction [17] has often been used as an effective g-
matrix NN interaction and has been applied to micro-
ar
X
iv
:2
00
4.
14
59
7v
1 
 [n
uc
l-t
h]
  3
0 A
pr
 20
20
2scopic calculations of (p, p′) reactions for unstable nuclei
including He, Li, Be, and C isotopes, along with micro-
scopic structure calculations of the target nuclei [18–25].
Since the 1990s, experimental studies of p + 6He and
p + 8He reactions have been widely performed (see the
review in Ref. [23]). To extract information about the
ground and 2+1 states via (p, p) and (p, p
′) reactions, re-
spectively, a systematic analysis using JLM has been
performed using the diagonal and transition densities of
6He and 8He obtained using theoretical structure models.
p+6He inelastic scattering has also been investigated us-
ing a four-body calculation with a continuum discretized
coupled channel considering the higher-order effects of
continuum coupling with all 0+, 1−, and 2+ partial waves
[25]. In principle, the g-matrix folding approach should
not contain adjustable parameters, but JLM reaction cal-
culations require phenomenological parameter tuning to
fit the elastic data, which is usually performed by intro-
ducing renormalization factors of potentials.
Along a similar line to the microscopic reaction ap-
proaches, the Melbourne group has developed a micro-
scopic folding model with an improved g-matrix NN in-
teraction and demonstrated its success in reproducing
p+nucleus elastic scattering for a wide range of target
mass numbers and incident energies [26]. The Melbourne
g-matrix folding approach has been widely tested for p
and α elastic scattering, and the framework has also been
successfully applied to inelastic processes [26–38]. Since
the approach with the Melbourne g-matrix NN inter-
action has no adjustable parameters, it is a useful tool
to test the reliability of structure inputs without model
ambiguity on the reaction side. Because of its merit, one
can directly access the structural properties of the ground
and excited states via p scattering.
In this study, we investigated the elastic and inelastic
cross sections of the p+6He, p+8He, and α+8He reactions
with the Melbourne g-matrix folding approach using the
densities of 6He and 8He obtained by a structure model of
antisymmetrized molecular dynamics (AMD) [39–41]. In
the present calculations, we adopted the same framework
of the reaction approach as in Refs. [35–38]. Namely, we
used the folding model with a simplified treatment of the
exchange term of the optical potential and multiple scat-
tering theory [42] for p scattering and applied the approx-
imation of an extended version of the nucleon−nucleus
folding model for α scattering.
For the structural calculation using the AMD frame-
work, the proton and neutron components of the diag-
onal and transition densities of 6He and 8He were mi-
croscopically obtained. Using the AMD densities, the
microscopic coupled-channel (MCC) calculations of the
p+6He and p+8He reactions were performed. Using this
MCC+AMD model, the p+6He, p+8He, and α+8He re-
actions can be investigated on the same footing. We first
checked the ability of the MCC+AMD calculations to
reproduce elastic cross sections by comparison with the
(p, p) data and then investigated the transition proper-
ties of the 6He(2+1 ) and
8He(2+1 ) states via the (p, p
′) cross
sections. The α+ 8He elastic and inelastic cross sections
were also calculated using the MCC+AMD model, and
the results were compared with the (α, α) data observed
at E = 72 MeV/A. Further, theoretical predictions of
the inelastic cross sections to the 8He(0+2 ),
8He(1−1 ), and
8He(3−1 ) states were made.
The rest of the study is organized as follows. In Sec. II,
the reaction model using the Melbourne g-matrix folding
approach is explained. In Sec. III, the AMD calculation
of the structures of the He isotopes is described. Sec. IV
presents the results of the p+6He reaction, and Sec. V dis-
cusses the p+8He scattering to the 8He(0+1 ) and
8He(2+1 )
states. The calculated results of the p+ 8He and α+ 8He
scattering to higher excited states are shown in Sec. VI.
Finally, a summary is given in Sec. VII.
II. REACTION MODEL: MELBOURNE
g-MATRIX FOLDING APPROACH
The reaction calculations of p and α scattering were
performed using the Melbourne g-matrix folding model
approach, as in Refs. [35–38].
The nucleon−nucleus potentials were calculated by
folding the Melbourne g-matrix NN interaction with the
diagonal and transition densities of target nuclei, which
were microscopically obtained by AMD. The Melbourne
g-matrix interaction is an effective NN interaction in a
nuclear medium and is based on a bare NN interaction
of the Bonn B potential [43]. The α−nucleus potentials
were obtained by folding the nucleon−nucleus potentials
with an α density of a Gaussian form. In the present
calculation, the spin-orbit term of the p−nucleus poten-
tials was not taken into account to avoid complexity. It
should be noted that the spin-orbit interaction can smear
the dip structure of elastic cross sections, but it gives a
minor contribution to absolute peak amplitudes at in-
cident energies lower than Ep =100 MeV except for at
backward angles. For the details of the present reaction
model, see Refs. [35–38] and the refs. therein.
III. STRUCTURE CALCULATIONS AND
PROPERTIES OF 6He AND 8He
A. AMD calculations
For use in MCC calculations, the diagonal and transi-
tion densities of the target nuclei were calculated using
the AMD wave functions of 6He and 8He, which were ob-
tained in a previous study of He isotopes [44]. We used
the wave functions labeled as “m56” and “v58”, which
represented two choices of parametrization given in Table
1 of Ref. [44]. In this study, we call the former AMDm56
and the latter AMDv58. The details of the calculation
procedures and the ground state structures of 6He and
8He were described in the previous work. It should be
stressed that the AMD is a microscopic structure model
3that considers the degrees of freedom of all the nucleons.
Even though the model does not assume any clusters,
α-like cluster structures with valence neutrons were ob-
tained by the AMD calculation for low-lying 6He and 8He
states.
In the present structure calculation, we used the ba-
sis AMD configurations obtained in the previous calcu-
lation but improved the accuracy of the numerical inte-
gration of the angular momentum projection to calculate
the diagonal and transition densities of the excited states
with high accuracy precision. Using the updated wave
functions, we perform a diagonalization of the Hamilto-
nian and norm matrices and recalculated the structural
properties including the energies, radii, and transition
strengths.
B. Properties of the 0+1 and 2
+
1 states of
6He and
8He
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FIG. 1: Diagonal and transition densities calculated using
AMDm56 and AMDv58. Proton and neutron components of
the diagonal densities for (a) 6He(0+1 ) and (b)
8He(0+1 ) and
those of the 0+1 → 2+1 transition densities for (c) 6He and (d)
8He. The r2-weighted transition densities are plotted.
The structural properties of 6He and 8He are summa-
rized in Table I. The calculated values of the root-mean-
square (rms) point-proton and point-neutron radii of the
ground state, 2+1 energies, and the proton and neutron
components of the 0+1 → 2+1 transition matrix elements
of 6He and 8He are shown together with the experimen-
tal radii and energies. The proton and neutron compo-
nents of the diagonal and transition densities are shown
in Fig. 1. In both the AMDm56 and AMDv58 results,
the proton density remained in the inner region, whereas
the neutron density was distributed in the outer region
indicating a neutron halo structure in 6He(0+1 ) and a neu-
tron skin structure in 8He(0+1 ), which are generated by
loosely bound valence neutrons around the α core. The
AMDm56 and AMDv58 results were qualitatively simi-
lar but the AMDv58 results showed smaller radii than
the AMDm56 results for 8He in particular. As shown
in Fig. 1(b), the AMDv58 results also showed a weaker
neutron skin than did the AMDm56 results (Fig. 1(b)).
This interaction dependence is regarded as an ambiguity
of the structure calculation using the AMD model.
For the 0+1 → 2+1 transition, a remarkable neutron
dominance was obtained in both the 6He and 8He sys-
tems. This neutron dominance in the 6He(2+1 ) and
8He(2+1 ) excitations is a general phenomenon in proton-
closed nuclei with N > Z and is caused by valence neu-
trons around a core, as seen in 18O. The neutron tran-
sition densities demonstrated a single-peak structure at
the nuclear surface, as shown in Figs. 1(c) and (d).
To reveal the structure model ambiguity with respect
to the proton and neutron densities, we compared the
AMD results with several other calculations. In Ta-
ble I, we show the theoretical values obtained by the
stochastic variational calculation [51] and the no-core
shell model (NCSM) calculations from Refs. [52–54]. For
6He, we also show the radii and transition matrix ele-
ments for a halo-type density set of the NCSM-based
halo-type diagonal density (ρhalo) and the 2pF-Tassie
transition density (ρtrTassie) from Ref. [23]. All of the mod-
els gave qualitatively similar results with respect to the
halo and skin structures, but quantitative differences can
be observed in the neutron radii particularly. Regarding
the 0+1 → 2+1 transition properties, the NCSM calcula-
tion gave almost the same values of Mp and Mn as the
AMD predictions for both the 6He and 8He systems.
C. Higher excited states of 8He
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FIG. 2: Calculated energy spectra obtained by AMDm56 and
AMDv58 and the experimental data from Ref. [50].
In Fig. 1, the calculated energy spectra of 8He, in-
cluding the excited states above the 2+1 state are shown
together with the experimental spectra. The calculated
4TABLE I: Rms point-proton (Rp) and point-neutron (Rn) radii, 2
+
1 excitation energies (Ex), and proton (Mp) and neutron
(Mn) components of the 0
+
1 → 2+1 transition matrix elements of 6He and 8He. The results of AMDm56 and AMDv58 are
shown together with the experimental data [45–50]. Theoretical values of other models, including those of the stochastic
variational calculation [51], the NCSM calculation of Ref. [52] and that of Refs. [53, 54], are shown for comparison. In the
rightmost column, the theoretical values of the halo-type density set of ρhalo (NCSM-based halo-type diagonal density) and
ρtrTassie (2pF-Tassie transition density) for
6He from Ref. [23] are shown. The experimental values of Rp were extracted from
the charge radii [45, 46], and those of Rn were obtained from the Rp data and the empirical matter radii in Refs. [47, 48].
For NCSM[53, 54], the values of the NCSM(10~ω) calculation of 6He and those of the NCSMv3eff(4~ω) calculation of 8He were
taken from Ref. [23].
Expt. AMDm56 AMDv58 SVM NCSM[52] NCSM[53, 54] halo-type[23]
6He
Rp (fm) 1.92(1) 1.92 1.79 1.80 1.76(3) 1.76 2.03
Rn (fm) 2.39–2.77 2.48 2.39 2.67 2.55(10) 2.36 2.72
Ex(2
+
1 ) (MeV) 1.80 1.4 2.0 2.63
Mp (fm
2) 0.90 0.92 1.03 2.44
Mn (fm
2) 7.9 7.9 7.73 7.80
8He
Rp (fm) 1.81(3) 1.92 1.69 1.71 1.74(6) 2.00
Rn (fm) 2.60–2.75 2.63 2.33 2.53 2.60(10) 2.59
Ex(2
+
1 ) (MeV) 3.1(5) 4.1 6.1
Mp (fm
2) 0.32 0.38 0.50
Mn (fm
2) 7.6 6.4 6.67
TABLE II: Excitation energies, rms radii, and Mp and Mn
values of the 0+1 → Jpi transitions of 8He calculated using
AMDm56. The units for energy and radius are MeV and fm,
respectively. The units for Mp and Mn for the IS0 and IS1
transitions are fmλ+2, and those for the E2 and E3 transitions
are fmλ.
8He(Jpi) Ex Rp Rn Rm Mp Mn
0+1 0.0 1.92 2.63 2.47
0+2 8.6 2.12 3.10 2.89 IS0 0.51 2.8
2+1 4.1 1.98 2.78 2.60 E2 0.32 7.6
2+2 10.2 2.05 2.99 2.78 E2 −0.01 0.04
2+3 13.4 2.43 3.70 3.43 E2 0.30 4.5
1−1 7.4 2.08 3.30 3.04 IS1 −1.84 13.5
3−1 9.4 2.08 3.24 2.99 E3 −0.04 37
values of the proton, neutron, and matter radii of the
ground and excited states, and the proton and neutron
components of the transition matrix elements from the
ground to excited states are listed in Table II. Similar
to the 8He(2+1 ) state, the
8He(0+2 ),
8He(1−1 ),
8He(2+3 ),
and 8He(3−1 ) states also had neutron skin structures and
neutron-dominant transitions, which again indicate the
predominant contribution of valence neutrons around the
α-like cluster. More details on the transition properties
for these higher states are discussed in Sec. VI.
IV. p+ 6He SCATTERING
A. MCC+AMD results for p+ 6He cross sections
The p + 6He reactions at E = 24.5 and 40.9 MeV/A
were calculated using the MCC calculation with the
AMDm56 and AMDv58 densities. The 6He(0+1 ) and
6He(2+1 ) states and all of the λ = 0 and λ = 2 transitions
between them were taken into account. In addition to
this 2ch(MCC) calculation, one-step cross sections were
also calculated using the DWBA. In Fig. 3, the calculated
p + 6He cross sections are compared with experimental
data observed in inverse kinematics [27, 28].
Fig. 3(a) shows the p+ 6He elastic cross sections. The
MCC calculations using the AMDm56 and AMDv58 den-
sities reasonably described the observed (p, p) data at
E = 24.5 MeV/A and did a good job of reproducing the
data at E = 40.9 MeV/A except for the dip structure,
which could be improved by the smearing effect of the
spin-orbit interaction omitted in the present calculation.
Unlike the AMDm56 results, the second peak of the
cross section was shifted to backward angles in the
AMDv58 results because of the smaller radii of 6He(0+1 ),
but there was not enough experimental data to select
a better calculation. Compared with the DWBA (one-
step) cross sections, the MCC calculation obtained a
lower-amplitude second peak because of the coupled
channel (CC) effect with the 2+1 state and showed better
agreement with the (p, p) data at E = 24.5 MeV/A.
5Fig. 3(b) shows the inelastic cross sections to the
6He(2+1 ) state. In both the AMDm56 and AMDv58 re-
sults, the first-peak amplitude of the cross sections was
in reasonable agreement with the data at E = 24.5 and
40.9 MeV/A, but the calculation did not satisfactorily
describe the behavior of the angle dependence in detail.
This result indicates that the neutron transition strength
of the AMD prediction is a reasonable value.
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FIG. 3: Calculated 6He(0+1 ) and
6He(2+1 ) cross sections of
the p + 6He scattering at E = 24.5 MeV/A and E =
40.9 MeV (×10−2) compared with the experimental data.
The 2ch(MCC) calculations using AMDm56 and AMDv58
and the DWBA calculation using AMDm56 are shown. The
experimental data at E = 24.5, 25, and 25.7 MeV/A [28, 55,
56] and the data at E = 40.9 MeV/A (×10−2) [27] are shown.
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FIG. 4: Comparison of the densities of 6He between the halo-
type [23] and AMD densities. Panels (a) and (b) compare the
neutron and proton components, respectively, of the NCSM-
based halo-type diagonal density (ρhalo) with the AMDm56
and AMDv58 diagonal densities. Panel (c) shows the neutron
densities in log scale. In panel (d), the 2pF-Tassie transi-
tion density (ρtrTassie) of the 0
+
1 → 2+1 transition is compared
with the AMDm56 and AMDv58 transition densities. The r2-
weighted transition densities are also plotted. The data for
ρhalo are taken from Fig. 13 of Ref. [23], and those of ρ
tr
Tassie
are taken from Fig. 14 of Ref. [23].
B. Ambiguity of structure inputs: comparison with
halo-type density
As previously mentioned, the present MCC+AMD re-
sults on the p + 6He reaction were not satisfactory in
their detailed description of the angle dependence of the
6He(2+1 ) cross sections. As can be seen in Fig. 3(b), the
calculation obtained a wider angle distribution than the
observed cross sections at both energies of E = 24.5 and
40.9 MeV/A. This energy-independent trend may sug-
gest that a modification of the AMD transition densities
is necessary.
To investigate the ambiguity of the structure inputs,
we performed a model analysis of the p+ 6He cross sec-
tions by adopting the halo-type density set of ρhalo and
ρtrTassie presented in Ref. [23]. Note that ρ
tr
Tassie is not
a microscopic density but a phenomenological transition
density given by a derivative form of ρhalo, which was
renormalized to reproduce the (p, p′) data by a JLM re-
action calculation in Ref. [23]. The proton component of
ρtrTassie was renormalized to fit B(E2) = 3.1± 0.6 e2fm4,
whereas the neutron component was tuned to reproduce
the (p, p′) data. Figs. 4(a)-(c) compare the halo-type di-
agonal density (ρhalo) with the AMDm56 and AMDv58
diagonal densities of 6He. Compared with the AMDm56
and AMDv58 densities, the neutron component of ρhalo
610-3
10-2
10-1
100
101
102
103
 0  20  40  60  80  100  120  140
(b)6He(2+1)
6He+p
24.5 MeV/A
40.9 MeV/A(×10-2)
cr
o
ss
 s
ec
tio
n 
(m
b/s
r)
θc.m. (degree)
m56-2ch
m56-dwba
ρm56+ρ
tr
tassie
ρhalo+ρ
tr
tassie
exp.
10-4
10-3
10-2
10-1
100
101
102
103
104
 0  20  40  60  80  100  120  140
(a)6He(0+1)
6He+p
24.5 MeV/A
40.9 MeV/A
(×10-2)cr
o
ss
 s
ec
tio
n 
(m
b/s
r)
θc.m. (degree)
m56-2ch
m56-dwba
ρhalo+ρ
tr
tassie
exp.
FIG. 5: Calculated 6He(0+1 ) and
6He(2+1 ) cross sections
of the p + 6He scattering at E = 24.5 MeV/A and E =
40.9 MeV (×10−2) obtained with the AMDm56 densities
and those obtained with the halo-type density set. The
2ch(MCC) and DWBA calculations with AMDm56, and
the 2ch(MCC) calculations with ρhalo (NCSM-based halo-
type diagonal density) and ρtrTassie (2pF-Tassie transition den-
sity) of 6He from Refs. [23, 27]. The experimental data at
E = 24.5, 25, 25.7 MeV/A [28, 55, 56] and the data at
E = 40.9 MeV/A (×10−2) [27] are also shown.
showed a long tail in the r ≥ 5 fm region (Fig. 4(c)).
In Fig. 4(d), a comparison of the halo-type transition
density (ρtrTassie) with the AMDm56 transition density of
6He is shown. The neutron component of ρtrTassie shows a
broader radial distribution compared with AMDm56 but
gives almost the same neutron transition matrix element
Mn = 7.8 fm
2 as AMDm56 (Mn = 7.9 fm
2).
To see the sensitivity of the p scattering cross sections
to the 6He densities, we calculated the p+6He reaction us-
ing the Melbourne g-matrix folding model with the halo-
type densities. Fig. 5 shows a comparison of the results
of the 6He(0+1 ) and
6He(2+1 ) cross sections between two
sets of diagonal and transition densities, the halo-type
density set (ρhalo and ρ
tr
Tassie) and the AMDm56 density
set. Note that the (p, p) cross sections were dominantly
affected by the diagonal density of the 6He(0+1 ) state,
whereas the (p, p′) cross sections to the 6He(2+1 ) state
were sensitive to the 0+1 → 2+1 transition density. As
can be seen in Fig. 5(a), there was only a small differ-
ence in the (p, p) cross sections between the halo-type
and AMDm56 density cases even though they had differ-
ent tail behaviors in the neutron diagonal density. In the
(p, p′) cross sections to the 6He(2+1 ) state, the absolute
amplitude of the first peak was almost the same as each
of the others, though the two calculations resulted in dif-
ferent angle dependences. In the halo-type density case,
the peak amplitude of the 6He(2+1 ) cross sections shifted
to forward angles and the angle distribution was narrower
than in the AMDm56 case because of the slightly broader
neutron transition density (Fig. 4 (d)).
From this model analysis, it can be concluded that the
angle dependence of the 2+1 cross sections was directly
affected by the radial behavior of the neutron transition
density. At the same time, the absolute amplitude of the
first-peak cross sections was not sensitive to the detailed
shape of the transition density but was determined by the
transition matrix elements. The results obtained using
the halo-type density set demonstrated better agreement
with the (p, p′) data, which may suggest that a broader
neutron transition density than that of AMDm56 was
favored. However, there remains some deviation from
the data for the forward angles at E = 40.9 MeV/A.
For an accurate description of the (p, p′) data observed
for the 2+1 resonance energy region, other effects such as
coupling with the continuum states and the 0+ and 1−
components, have been carefully examined by Ogawa and
Matsumoto in Ref. [25].
V. p+ 8He SCATTERING
A. MCC+AMD results for p+ 8He cross sections
In the same way as the 2ch(MCC) calculation of p +
6He, The p+ 8He reaction at incident energies E = 15.7,
32.5, and 72 MeV/A was calculated by the 2ch(MCC)
calculation including the 8He(0+1 ) and
8He(2+1 ) states
using the AMDm56 and AMDv58 densities as in the
2ch(MCC) calculation of p + 6He. In addition to the
2ch(MCC) calculation, a DWBA calculation of p + 8He
was performed to obtain the one-step cross sections.
In Fig. 6(a), the calculated p+8He elastic cross sections
are compared with the data observed in the inverse kine-
matics experiments [19, 57, 58]. It should again be noted
that the deep dip structure of the present result could be
smeared by the spin-orbit interaction, which was omitted
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FIG. 6: Calculated 8He(0+1 ) and
8He(2+1 ) cross sections of the
p+8He scattering at E = 15.7 MeV/A, 32.5 MeV/A (×10−2),
and 72 MeV/A (×10−4), and the experimental data from
Refs. [19, 57, 58]. The 2ch(MCC) calculations with AMDm56
and AMDv58 and the DWBA calculation with AMDm56 are
shown.
in the calculation. Compared with AMDv58, the MCC
calculation with AMDm56 obtained a better result for
the (p, p) cross sections at E =72 MeV/A for the first-
and second-peak amplitudes of the data because of the
remarkable neutron skin structure. It also successfully
reproduced the data at E = 32.5 MeV/A. For the very
low-energy data at E =15.7 MeV/A, the AMDm56 result
was better than the AMDv58 result, but its reproduction
of the data was not satisfactory. This can be understood
to be an effect of the lower reliability of the folding model
approach for low-energy scattering. In comparison with
the DWBA (one-step) cross sections, the CC effect was
negligibly small at E =72 MeV/A but was significant at
E = 15.7 MeV/A, and the MCC result appeared to be
worse than the DWBA result around the second peak.
This could suggest a weaker 0+1 -2
+
1 coupling than the
AMD prediction, but it can not be definitively concluded
because the applicability of the present reaction approach
to such low-energy p scattering has not been well-tested.
With respect to the (p, p′) cross sections to the 8He(2+1 )
state, which are shown in Fig. 6(b), the observed data ex-
isted only at E = 72 MeV/A [57]. The MCC calculations
with AMDm56 and AMDv58 considerably overshot the
experimental data by a factor of three around the peak
position.
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FIG. 7: The neutron transition density of 8He of model
functions (ρtrn,model-1(r), ρ
tr
n,model-2(r), and ρ
tr
n,model-3(r)) for
the 0+1 → 2+1 transition compared with the original AMDm56
density. The r2-weighted transition densities are plotted. The
neutron transition matrix element Mn = 7.6 fm
2 for the orig-
inal AMDm56 density was scaled to be Mn = 4.5, 5.3, and
6.1 fm2 for the model-1, model-2, and model-3 transition den-
sities, respectively.
B. Model analysis of 8He(2+) cross sections
As previously described, the present MCC+AMD cal-
culation overshot the experimental 2+1 cross sections of
the p + 8He reaction at E = 72 MeV/A by a factor of
three. A similar overshooting problem for 8He(2+1 ) cross
sections was encountered in the JLM reaction calculation
using the NCSM density of 8He in Ref. [23], in which
the results were overestimated by a factor of five. Even
though the data at E = 72 MeV/A contained sizable er-
rors, a significant modification of the predicted neutron
transition density could be used to correct the description
of the (p, p′) data.
We here consider modifications of the theoretical neu-
tron transition density by hand and perform a model
analysis to adjust the (p, p′) data. For the modifications,
we introduced a model function ρtrn,model(r) for the neu-
tron transition density by artificially scaling the original
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FIG. 8: Cross sections of the p+8He scattering calculated us-
ing the 2ch(MCC) calculations with the model neutron transi-
tion densities of ρtrn,model-1(r), ρ
tr
n,model-2(r), and ρ
tr
n,model-3(r).
The calculated 8He(2+1 ) cross sections at E = 32.5 MeV/A
and 72 MeV/A (×10−2) are compared with the original
AMDm56 result and the experimental data from Ref. [57].
AMDm56 density ρtrn,m56(r) as follows:
ρtrn,model(r) ≡
f
a5
ρtrn,m56(r/a). (1)
Here, a is the radial scaling factor and f is the overall
scaling factor. For this model function, the neutron tran-
sition matrix element Mn,m56 = 7.6 fm
2 of the original
AMDm56 value was scaled to be Mn = fMn,m56. For
the present analysis, we prepared three types of model
transition density, ρtrn,model-1,2,3(r). Model-1 was a tran-
sition density ρtrn,model-1(r) = fρ
tr
n,m56(r) simply renor-
malized from the original transition density using a = 1
(no radial scaling). Model-2 and model-3 were obtained
by stretching the spatial distribution with radial scaling
factors of a = 1.1 and a = 1.2, respectively. We chose
the overall factors f1 = 0.6, f2 = 0.7, and f3 = 0.8 for
model-1, model-2, and model-3, respectively, to roughly
fit the upper limit of the (p, p′) data at θ = 32◦. As a
result, these phenomenological model transition densities
ρtrn,model-1(r), ρ
tr
n,model-3(r), and ρ
tr
n,model-3(r) gave the val-
ues Mn = 4.5, 5.3, and 6.1 fm
2, respectively, which can
be regarded as upper limits to reproduce the (p, p′) data
in each model. Figure 7 shows the neutron transition
density of three models.
Using the model neutron transition densities
ρtrn,model-1(r), ρ
tr
n,model-2(r), and ρ
tr
n,model-3(r) of the
0+1 → 2+1 transition, we performed the coupled-channel
calculation of the p + 8He reaction using the Melbourne
g-matrix folding approach. We did not change other
inputs from the original AMDm56 densities, such as
the diagonal and 2+1 → 2+1 transition densities and the
proton component of the 0+1 → 2+1 transition density.
Figure 8 shows the (p, p′) cross sections to the 8He(2+1 )
state at E = 32.5 and 72 MeV/A obtained using the three
models compared with the experimental data and the
original AMDm56 cross sections. As mentioned above,
the transition density was renormalized by an overall
factor to reproduce the upper limit of the experimen-
tal cross sections. For the angle dependence of the (p, p′)
cross sections, the three models each gave different re-
sults. Compared with the experimental (p, p′) data, the
agreement seems to have been better in the model-2 and
model-3 results compared with the model-1 results. This
means that a distribution of the neutron transition den-
sity broader than the original one was favored. If we
renormalized the neutron transition density of model-2
and model-3 to fit the lower limit of the (p, p′) data at
θ = 32◦, we obtained the neutron transition matrix el-
ements of 3.9 and 4.5 fm2, respectively, instead of the
values 5.3 (model-2) and 6.1 fm2(model-3) for the up-
per limit. Considering these uncertainties, the optimal
neutron matrix element to describe the (p, p′) data at
E = 72 MeV/A is likely to be in the range of Mn =4–
6 fm2.
VI. p+ 8He AND α+ 8He INELASTIC
SCATTERING
To investigate the p and α inelastic scattering off 8He,
we performed MCC+AMD calculations of the p + 8He
and α + 8He reactions. These calculations included the
0+1,2, 1
−
1 , 2
+
1,2,3, and 3
−
1 states (seven states in total;
called “7ch(MCC)”) and all the λ = 0, 1, 2, 3 transitions
with the AMDm56 densities. As seen in the calculated
Mn/Mp ratios shown in Table II, the inelastic transitions
from the 0+1 state to the 0
+
2 , 1
−
1 , 2
+
3 , and 3
−
1 states had
a remarkable neutron-dominant nature. The proton and
neutron components of the AMDm56 transition densi-
ties are shown in Fig. 9. The neutron component of the
0+1 → 0+2 and 0+1 → 1−1 transition densities showed nodal
structures as are usually seen in the isoscalar monopole
and dipole transitions of Z = N nuclei. The 0+1 → 3−1
neutron transition density had a single-peak structure,
whereas the 0+1 → 2+3 neutron transition density had a
nodal structure different from the 0+1 → 2+1 transition
with the simple peak.
Figure 10 shows the elastic and 2+1 cross sections of the
α+8He reaction at E = 26 and 72 MeV/A obtained using
the 7ch(MCC) calculation with the AMDm56 densities
together with the experimental elastic cross sections at
E = 26 MeV/A [14, 15]. The MCC calculation success-
fully reproduced the observed (α, α) data. In comparison
with the DWBA (one-step) cross sections, the CC effect
had a minor contribution to the 8He(0+1 ) and
8He(2+1 )
cross sections of the α+ 8He scattering except for in the
case of elastic scattering at backward angles.
9-0.1
 0
 0.1
 0  1  2  3  4  5  6
(a)8He(0+1→0+2)
r2
ρt
r (r
) (
fm
-
1 )
r (fm)
p
n
-0.1
 0
 0.1
 0  1  2  3  4  5  6
(b)8He(0+1→1−1)
r2
ρt
r (r
) (
fm
-
1 )
r (fm)
p
n
-0.1
 0
 0.1
 0  1  2  3  4  5  6
(c)8He(0+1→2+3)
r2
ρt
r (r
) (
fm
-
1 )
r (fm)
p
:n
-0.1
 0
 0.1
 0.2
 0.3
 0  1  2  3  4  5  6
(d)8He(0+1→3−1)
r2
ρt
r (r
) (
fm
-
1 )
r (fm)
p
n
FIG. 9: Proton and neutron transition densities from the
8He(0+1 ) state to the
8He(0+2 ),
8He(1−1 ),
8He(2+3 ) and
8He(3−1 )
states.
The MCC+AMD results of the 0+2 , 1
−
1 , 2
+
3 , and 3
−
1
cross sections of the p + 8He and α + 8He reactions
are shown in Fig. 11. According to the AMDm56 pre-
diction, the 8He(0+2 ),
8He(1−1 ), and
8He(3−1 ) states had
few MeV energy differences. For experimental search for
these states with (p, p′) and (α, α′) reactions, the produc-
tion rate and selectivity of each state should be carefully
considered. In particular, the (p, p′) reaction may be fa-
vored to observe the 8He(3−1 ) state because of its high
production rate for a wide range of angles. At the same
time, the (α, α′) reaction had a high selectivity for the
8He(0+2 ) state at forward angles (θc.m. ≤ 2◦). For the
8He(1−1 ) state, the dominant contribution was predicted
in the (α, α′) cross sections around θc.m. ∼ 5◦ and at a
lower energy of E = 26 MeV/A.
To see the CC effect in the p + 8He and α + 8He re-
actions, the DWBA (one-step) cross sections were com-
pared with the MCC calculations (Fig. 12). Because of
the strong 0+2 → 2+3 coupling, a significant CC effect can
be observed in the (p, p′) cross sections to the 8He(0+2 )
state and the (α, α′) cross sections to the 8He(0+2 ) and
8He(2+3 ) states, for the low energy reactions in particular.
The relative high productions of the 8He(0+2 ) and
8He(1−1 ) states in the (α, α
′) reaction compared with
the (p, p′) reaction can be understood in terms of the
nodal behavior of the transition density. In general,
the (α, α′) reaction is a sensitive probe to the transition
density at the surface and outer regions because of the
strong absorption of the α−nucleus potentials in the inte-
rior region. As mentioned earlier the neutron transition
densities from the ground to the 8He(0+2 ) and
8He(1−1 )
states had a remarkable amplitude in the outer region
(Figs. 9(a) and (b)), and this outer amplitude predomi-
nantly contributed to the (α, α′) cross sections. At the
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FIG. 10: Calculated 8He(0+1 ) and
8He(2+1 ) cross sec-
tions of the α + 8He reaction at E = 26 MeV/A and
72 MeV/A (×10−2) obtained by the 7ch(MCC) and DWBA
calculations with the AMDm56 densities. The experimental
data of the elastic cross sections at E = 26 MeV/A from
Refs. [14, 15] are also shown.
same time, in the p scattering with a weaker absorption,
the inner amplitude had a negative contribution and can-
celed out the contribution of the outer amplitude and
suppressed the forward angle cross sections. High pro-
ductions of the monopole and dipole transitions by (α, α′)
reactions have been observed for isoscalar transitions in
Z h N nuclei. The new finding obtained here is that
a similar trend was also predicted in neutron-dominant
transitions in neutron-rich nuclei.
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FIG. 11: Calculated (p, p′) cross sections at E = 32.5 MeV/A
and 72 MeV/A(×10−2) and (α, α′) cross sections at E =
26 MeV/A and 72 MeV/A(×10−2) to the 8He(0+2 ), 8He(1−1 ),
8He(2+3 ), and
8He(3−1 ) states obtained by the 7ch(MCC) cal-
culations with the AMDm56 densities.
VII. SUMMARY
The elastic and inelastic cross sections of the p+ 6He,
p + 8He, and α + 8He reactions were investigated us-
ing the Melbourne g-matrix folding approach. In the
reaction calculations, the transition and coupling poten-
tials of nucleon−nucleus systems were microscopically
obtained by folding the Melbourne g-matrix NN inter-
action with the diagonal and transition densities of the
target nucleus, and the α−nucleus potentials were cal-
culated by folding the nucleon−nucleus potentials with
the α density. The theoretical densities obtained us-
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FIG. 12: DWBA cross sections of the p + 8He reaction at
E = 32.5 MeV/A and 72 MeV/A(×10−2) and of the α+ 8He
reaction at E = 26 MeV/A and 72 MeV/A(×10−2) to the
8He(0+2 ) and
8He(1−1 ) states compared with the 7ch(MCC)
calculations.
ing the microscopic structure model of AMD were used
for the MCC calculations of the p + 6He, p + 8He, and
α+8He reactions. One of the unique characteristics of the
present work using MCC+AMD is that we investigated
the p+ 6He, p+ 8He, and α+ 8He reactions on the same
footing in the microscopic framework. We first demon-
strated the success of the MCC+AMD calculation in re-
producing elastic cross sections, and then discussed the
transition properties of the 6He(2+1 ) and
8He(2+1 ) states
with detailed analyses of the (p, p′) cross sections. It
should be stressed that the Melbourne g-matrix folding
approach has no adjustable parameters differently from
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phenomenological reaction analysis. This is a great ad-
vantage to test the reliability of structure model inputs
via the cross section data.
For the p + 6He and p + 8He elastic scattering, the
present MCC+AMD calculation reproduced well the p+
6He cross sections at E=40.9 MeV/A and the p + 8He
cross sections at E = 32.5 and 72 MeV/A.
For the p+6He inelastic scattering to the 6He(2+1 ) state
at E = 24.5, and 40.9 MeV/A, the MCC+AMD results
demonstrated a reasonable reproduction of the peak am-
plitude, supporting the predicted value of Mn = 7.9 fm
2.
However, the result was not satisfactory in describing the
angle dependence of the (p, p′) data in detail. We per-
formed a model analysis using the Melbourne g-matrix
folding approach with phenomenological halo-type den-
sities and demonstrated that a better reproduction can
be obtained using a broader neutron transition density
than that in the AMD prediction.
For the 8He(2+1 ) cross sections of the p +
8He reac-
tion, the present MCC+AMD calculation considerably
overshot the (p, p′) data at E = 72 MeV/A by a fac-
tor of three. This overshooting was consistent with the
reaction analysis with the NCSM density performed in
Ref. [23]. To gather information concerning the neutron
transition from the (p, p′) data, we performed a further
model analysis by introducing phenomenological modifi-
cations of the neutron component of the 0+1 → 2+1 tran-
sition density to fit the (p, p′) data at E = 72 MeV/A,
and obtained a plausible value of Mn =4–6 fm
2, which
was smaller than that obtained by the AMD predictions
(Mn = 6.4–7.6 fm
2). For a more detailed discussion
on this point, high-quality data for a wide energy range
would be required.
For p scattering below E = 25 MeV/A, the present
results were not satisfactory in precisely reproducing the
observed p+ 6He and p+ 8He elastic cross sections. The
applicability of the present reaction approach to such the
low-energy p scattering should be carefully examined.
For example, the validity of the local density approxi-
mation treatment for light-mass nuclei with large isospin
asymmetry remains to be checked. Coupling with con-
tinuum states may also contribute to the low-energy p
scattering off loosely bound nuclei.
For the α + 8He reaction, the MCC+AMD calcula-
tion reproduced the observed (α, α) cross sections at
E = 26 MeV/A. The theoretical predictions of the (p, p′)
and (α, α′) cross sections to higher excited states of 8He
were presented, and the production rates in the p+ 8He
and α + 8He inelastic scattering were discussed. It was
suggested that the (p, p′) reaction was favored for the
8He(3−1 ) observation, whereas the (α, α
′) reaction at for-
ward angles sensitively probed the 8He(0+2 ) and
8He(1−1 )
states. Our results indicate that α inelastic scattering has
the potential to be a good probe for neutron-dominant
monopole and dipole excitations, and its wide application
to neutron-rich nuclei is expected in future experiments
in inverse kinematics.
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